Introduction
Large waves and storm surges associated with tropical and extratropical cyclones can strongly affect coastal morphology and ecosystems. Tropical cyclones commonly generate large ocean waves that, when combined with storm surges, cause significant geomorphic change along the coast (e.g. Nott and Hubbert, 2005; Fritz et al., 2009; Etienne and Terry, 2012) . In tropical environments, such impacts are commonly recorded by the large-scale erosion of beaches (e.g. Nott and Hubbert, 2005) , damage to coastal vegetation including mangrove systems (e.g. Primavera et al., 2016) , and modifications to reef and coastal plain sedimentation (e.g. Scheffers and Scheffers, 2006; Atwater et al., 2014; Lau et al., 2014) . In carbonate reef systems the impacts of such events are commonly observed in the formation of coral rubble ridges (e.g. Spiske and Halley, 2014; Reyes et al., 2015) , and the transport and deposition of conspicuous boulders, mostly reefal clasts, onto the reef flat (e.g. Terry and Etienne, 2011; May et al., 2015; Kennedy et al., 2016) .
Typhoon Haiyan impacted the carbonate coastlines of several Philippine islands as it tracked westward across the archipelago. On the open-sea carbonate coast of Eastern Samar, Roeber and Bricker (2015) demonstrated that the combined wave-breaking setup caused an elevated, high-velocity, bore-like storm surge in Hernani (Fig. 1) . Notably, similar flooding characteristics were recognized in Guiuan,~30 km southeast of Hernani and more proximal to Haiyan's landfall site (Kennedy et al., 2016) . The wave-breaking setup is a common http://dx.doi.org/10. 1016/j.margeo.2017.08.016 Llorente Hernani General MacArthur
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Haiyan runup (Tajima et al. 2014) Haiyan surge height with waves Haiyan runup Haiyan surge height (Tajima et al. 2014) inundation mechanism along fringing reef coastlines that face the open sea (Roeber and Bricker, 2015) . This is in contrast to the dominant wind-induced setup amplified by seiche on the shallow coastlines of the Leyte Gulf (e.g. Mori et al., 2014; Soria et al., 2016) . The most prominent geomorphic and sedimentologic impacts resulting from the extreme inundation of Haiyan's surge on the carbonate Philippine coastlines were the conspicuous dislocated boulders that are now emplaced at elevations ranging from 2 to 10 m and weighing up to 30 t at Guiuan (Kennedy et al., 2016) and up to 180 t in Hernani . In comparison, moderate flooding of the carbonate coasts on the more interior Philippine islands during Haiyan resulted in conspicuous coral rubble ridges that are~10 to 20 m wide and~0.5 m high Brill et al., 2016) . Recognizing the highly variable coastal setting and subsequent differences in exposure to Haiyan's storm surge, this study primarily aims to document the sedimentologic imprint of Haiyan on the open sea coast of Samar island, on a village south of Hernani (Fig. 1b) . This area offers a unique opportunity to investigate two different sediment assemblages along the same transect: (1) boulders deposited on the reef flat, and (2) a sand sheet deposited in the coconut forests and rice paddies located approximately 300 m inland from the shore. In addition to the deposition of sediment, we found zones of erosion along the transect, including a small mangrove forest which was completely defoliated and partially uprooted during Typhoon Haiyan. Hernani is also a strategic site given that different independent methods including video recording, post-typhoon field surveys, and wave modeling consistently and accurately constrained the inundation depths, flow velocities, and flooding mechanism (e.g. Tajima et al., 2014; Bricker et al., 2014; Roeber and Bricker, 2015; Soria et al., 2016) . With our dataset we are able to: 1) test the boulder-derived flow velocity estimates in this study against the flow dynamics reconstructed from video recording and forward wave modeling (Roeber and Bricker, 2015) ; 2) apply the inverse sediment transport model TSUFLIND (Tang and Weiss, 2015) to the sand deposits; 3) compare the velocity measurements from the reef flat, coconut forest and rice paddies; and 4) assess whether the information derived from Haiyan deposited sediments provides insights into the overland flow velocity.
Documenting the sedimentation patterns associated with a modern landfalling typhoon will be important to future paleotempestological studies. The historical record indicates that the Hernani coastline has been impacted by storm surge inundation and onshore sedimentation in the past. Algué (1898) described a "sand desert" at Hernani that was caused by the October 1897 typhoon. Assessing patterns of erosion and deposition associated with Typhoon Haiyan's storm surge provides the necessary framework for documenting the sedimentologic records of storms along this carbonate coast.
Typhoon Haiyan and storm surge
Typhoon Haiyan was an extremely intense and fast moving tropical storm and one of the most intense in history (Lin et al., 2014; Takagi and Esteban, 2016) . Typhoon Haiyan severely affected > 16 million people, killing > 6000 and destroying >1.1 million dwellings in the central Philippines Soria et al., 2016) . The true intensity of Typhoon Haiyan remains debatable. The Dvorak-based intensity scale indicates that Typhoon Haiyan reached peak intensity near landfall when maximum wind speeds reached~314 km h − 1 , far exceeding the upper limits of the Saffir Simpson Hurricane Scale (Lin et al., 2014 On the more open and exposed Pacific coastline at Hernani, some 45 km north of the typhoon's track, significant storm-wave contributions resulted in high water marks exceeding 7 m (Fig. 1b) . Further amplification by the wave runup on steep slopes such as those near Guiuan resulted in a maximum runup height of 14 m (Tajima et al., 2014) . However, on sheltered coasts such as General MacArthur, surge heights were significantly lower at~2 m . The fringing coral reefs located 3 km offshore and the narrow bottleneck entrance of the bay likely attenuated storm waves at this site, resulting in measurements that are most likely dominated by the smaller atmospheric storm-surge component. Using the surge height obtained from General Macarthur as a baseline we can assume that the wave setup could have contributed to the significant elevation of coastal flooding by as much as 5 m.
Coastal geomorphology of Hernani
The town of Hernani is situated on a narrow coastal plain, which is underlain by late Pliocene to Pleistocene reefal limestone (Aurelio and Peña, 2002) at~3 m above mean sea level (msl). Mangroves and a fringing reef shelter the shore against normal fair weather waves. The mangrove system is~100 m to 300 m wide and consists of natural stands of Sonneratia alba, Avicennia marina, Bruguiera gymnorrhiza, Aegiceras floridum, and Aegiceras corniculatum (Primavera et al., 2016) . Seaward of the mangrove there is a reef flat that is~400 to 500 m wide. A narrow inlet divides the reef flat into a northeastern and a southwestern segment (Fig. 2a-c) . The reef edge is~1 m below msl, but within a few hundred meters offshore the bathymetry rapidly drops to 50 m below msl (Roeber and Bricker, 2015) . The coast is microtidal and exposed to the Pacific Ocean swell systems (Maeda et al., 2004; May et al., 2015) .
Methods

Post-Typhoon Haiyan survey
Our field surveys were conducted in May and June 2014 on a transect about 1.5 km south of Hernani in the village of Carmen. The transect extended~1 km from the reef edge to the inundation limit 3) . The reef edge is defined in this study as the landward limit of the spurs and grooves exposed during low tide at the time of survey, which closely corresponds to the seaward limit of wave refraction on satellite imagery. Reef flat and land surface elevations were measured using the Ashtech Promark 2 Survey System™ on a base/rover configuration for differential global positioning system (dgps). Raw elevation values were post-processed with GNSS Solutions software for vertical accuracy. A local GPS station called PIMO, established by IGS (International GNSS Service), was used as a reference alongside tide level observations in the field for local datum topographic adjustment. In fair weather conditions the reef flat is within the intertidal zone with water depths not exceeding 1 m above msl at high tide. Typhoon Haiyan, however, completely inundated the reef flat and the adjoining coastal plain. Residents of the houses built on top of a limestone ridgẽ 6 m above msl reported overland flooding on that ridge of at least 1.5 m.
Reef flat boulder analysis
The extreme flooding during Typhoon Haiyan emplaced boulders on the reef flat in Carmen village. However, only the boulders found on the southwestern segment of the reef flat were mapped in this study (Table 1) . Coastal boulders with intermediate axes > 1 m were considered because this size criterion falls within the usual size of boulders on reef platforms that were deposited by powerful storms and tsunamis (e.g. Switzer and Burston, 2010; Paris et al., 2011; Terry et al., 2013; Lau et al., 2016) . Boulders that were lifted to elevated positions on steeper coasts by waves of similar energy are often smaller (e.g. Terry et al., 2016) . The dimension of three axes (a: longest; b: intermediate; and c: shortest) from 21 boulders were determined using a measuring tape. The volume of each boulder was estimated by categorizing it according to geometric shape: triangular, ellipsoidal, or rectangular (e.g. Terry et al., 2013; Lau et al., 2016) . Most of the boulders closely approximate, but do not perfectly fit, a rectangular shape. Previous studies highlight that the conventional equation V abc = a * b * c for rectangular boulders usually overestimates the actual volume and weight of limestone by as much as 50 to 60% (Engel and May, 2012; May et al., 2015) . Thus, a value of 0.6 was factored into the conventional equation to minimize the overestimation of boulder volume and mass. The bulk density of 2.4 g cm − 3 calculated by May et al. (2015) from the reef boulders located 5 km north of Hernani was adopted to determine the weight of similarly compact boulders. A lower bulk density value of 1.99 g cm − 3 derived from Philippine coral boulders (Siringan et al., Unpublished results) was also considered for boulders that appear relatively less compact (e.g., CB18 in Fig. 4d ). The density of boulders in Carmen probably ranges between 1.99 g cm . However, the compact appearance, texture, and assemblage of most of the boulders are more consistent with the higher density values.
The boulder dimensions were used as inputs to the established boulder transport equations of Nandasena et al. (2011) to infer minimum flow velocity conditions for varying transport processes such as sliding, rolling, and saltation. All of these transport processes can impact a reef boulder in either a subaerial or submerged setting. The required minimum velocity for each of each conditions are: (1) 
where ρ s = density of the boulder = 2.4 g cm − 3 or 1.99 g cm
; ρ w = density of sea water = 1.02 g cm
; g = gravitational acceleration = 9.81 ms In each scenario the flow will generate drag and lift forces to initiate the movement of a boulder that is assumed to be already detached from the reef. However, for joint-bounded scenarios lift force must be sufficient to release a boulder from being bounded on the reef platform. The minimum velocity needed to lift a boulder is expressed in the equation:
In the case of a reef flat with a bed slope θ equal to 0 o , such as the reef flat in our study area, the term sinθ is equivalent to 0. As such, the minimum flow velocity required to initiate boulder movement by lifting in a joint-bounded (Eq. 4) scenario will be expressed similar to the subaerial and submerged non-obstructed scenario (Eq. 3).
Onshore carbonate sediments
Inland transport and deposition of sediments from Typhoon Haiyan were mapped from the beach and to over a distance of 400 m inland. A hand auger of 5-cm diameter was used to sample the Haiyan sediment and corresponding underlying soil layer. At all sites, we documented the thickness of the Haiyan deposit ( Fig. 3 ) and collected one sediment sample from the Haiyan deposit on the surface and one sample from the underlying soil for subsequent grain size, sediment composition, and microfossil analyses. At sites where Haiyan sediments were thickest, shallow trenches were excavated and sampled at 1 cm intervals. The relative amount of organic material within the sediment samples was determined by loss-on-ignition, where~1 g to 2 g of sediment from each sample was burned at 550°C for 4 h in a muffle furnace (Heiri et al., 2001) . The relative amount of carbonate was determined using two different methods depending on the grain size of the sediments. For muddy sediments, loss-on-ignition was followed by burning of the sediments at 950°C for 2 h (Heiri et al., 2001) . Coarse sand samples from the shallow trenches were treated with 10% HCl. Acid leaching ensures more efficient carbonate dissolution, particularly for sediments that are predominantly carbonate but do not contain significant amounts of mud (Dean, 1974) .
Grain size analysis was performed using composite methods of laser diffraction for fine-grained sediments and digital imaging for coarsegrained sediment fractions. For fine-grained sediments, subsamples of about 1 g were treated with 15% H 2 O 2 to remove organics. The samples were then rinsed in distilled water before introduction into the Malvern Mastersizer 2000 for grain size analysis using laser diffraction (Switzer and Pile, 2015) . In contrast, a CAMSIZER® was used for samples that were predominantly coarse grained (> 1.5 mm and with minimal mud content) and beyond the detection limit of the laser particle analyzer. The CAMSIZER® provides non-destructive and rapid grain size and shape distributions for sediments ranging from 20 μm to 30 mm by capturing images of a falling curtain of sediment at 25 Hz (Moore et al., 2006) . Prior to grain size analysis, large organic debris were picked using forceps while the smaller, fibrous organic debris was removed by floatation in distilled water. The sediments were then oven dried at 50°C, and between 50 g to 100 g of dry subsamples were introduced on the Retsch Technology CAMSIZER®. The grain size corresponds to the cross-sectional area of the particles in the image and is reported as the diameter of a circle of equivalent area, which is similar to the grain size measuring principle of the laser particle analyzer (Switzer and Pile, 2015) . The composite grain size data of the Haiyan sediments and the pre-Haiyan soil were then run through the open-source program GRADISTAT version 8.0 (Blott and Pye, 2001 ) to generate statistical grain size distributions. The logarithmic mean, d 90 , sorting, and skewness (Folk and Ward, 1957) of each sample were used to establish the vertical and alongshore variations in the Haiyan sediments.
Foraminiferal analysis
The foraminiferal assemblage of the Typhoon Haiyan sediments and the corresponding underlying layer within the coconut grove ( Fig. 3 : Ca1, Ca3, Ca4) and rice paddies was investigated (Fig. 3: Ca10, Ca8) . Prior to analysis, 5 cm 3 of sediment was washed over a 32 μm sieve to retain microfossil tests and wet split to obtain counts of~300 specimens. Each sample was examined for foraminifera and testate amoebae, however, the latter was absent in all samples. Foraminiferal taxonomy followed Loeblich and Tappan (1987) , Debenay (2013) , and Pilarczyk et al. (2016 foraminifera were further categorized following the same taphonomic criteria as Pilarczyk et al. (2016) , which includes unaltered (pristine specimens), abraded (corroded and edge rounded specimens), and fragmented forms. The taphonomic condition of individual foraminifera has previously been used to interpret overwash sediments by assessing depth of scour and origin of sediment (e.g., Goff et al., 2011; Sieh et al., 2015; Pilarczyk et al., 2016) . Foraminiferal concentrations per volume of sediment and relative abudance of taxa and taphonomic categories were calculated and are summarized in Supplementary Table S1 .
Application of the TSUFLIND inversion model
The Hernani reef flat-mangrove-coastal plain spans > 900 m in length and rises <4 m above msl. The long wave and bore-like flooding of the Haiyan surge along this coast was, to a certain extent, similar to tsunami flow (Roeber and Bricker, 2015) . The similarity of Haiyan surge to tsunami flow provides the opportunity to employ the TSU-FLIND inversion model of Tang and Weiss (2015) in order to quantify the flow characteristics of the surge from the sandy overwash deposits. TSUFLIND is the combination of an advection model (Moore et al., 2007) , Soulsby's model (Soulsby et al., 2007) and the TsuSedMod (Jaffe and Gelfenbaum, 2007) . Detailed information about how the different sedimentation models interact with one another and fit with the TSU-FLIND model is available in Tang and Weiss (2015) . The TSUFLIND inversion model has previously been tested using sediments deposited by the 2004 Indian Ocean tsunami. Our study is the first application of TSUFLIND on a storm deposit.
The Haiyan sand deposits on the coastal plain are sourced mainly from the beach with additional sediments coming from the intertidal reef flat (Brill et al., 2016) . The reef boulders found on the reef flat can only indicate the minimum flow velocity. In the absence of sand deposits on the reef flat, we inferred the maximum flow velocity from reconstructed sediment thicknesses and grain size distributions using Soulsby's model (Soulsby et al., 2007) . In Soulsby's model, the thickness of the deposit for each grain size at the reef edge is calculated based on settling velocity, inundation time, depth-averaged sediment concentration and porosity. The reconstructed sediment thickness for each grain size along the transect linearly decreases with distance from the reef edge, which is consistent with the overall thinning inland deposit thickness observed on the Haiyan deposits on the coastal plain. Based on the reconstructed results from Soulsby's model, TSUFLIND is then employed to extrapolate the flow velocity condition on the reef flat required to firstly erode the sand particles, secondly keep them in suspension, and thirdly allow them to settle from the water column to be deposited on the coastal plain. The flow velocity estimates from the reef flat obtained using TSUFLIND correspond to maximum values and complement the minimum values derived from boulder dimensions. The maximum flow velocities on the reef flat, however, are only indicative values because of the absence of sand deposit to validate our model. In contrast, the sediment data from the Haiyan sand sheet was used to invert the maximum flow velocity on the coastal plain. The data inputs for TSUFLIND include sediment thickness, grain size distribution, flow depth and topography ( Table 2) . The flow velocity is calculated only when the difference between the observed and modeled values of sediment thickness and gran size distribution is within an acceptable error (Tang and Weiss, 2015) .
Results
Reef flat boulder deposition in Carmen village
Carbonate boulders on the reef flat in Carmen are most likely derived from two sources. They were either detached from the limestone cliffs or from the active reef edge (Fig. 3) . However, in some cases the boulders could have also pre-existed on the reef flat due to non-typhoon high-energy wave conditions similar to the boulder deposition at Guiuan (Fig. 1) , which was more proximal to Haiyan's landfall (Kennedy et al., 2016) . Four of the boulders (i.e. CB1, CB2, CB3, CB4) are found near the limestone cliffs (Fig. 3) with attached roots and stumps that remained in growth position and indicate a former upper boulder surface that was subaerially exposed (Fig. 4a) . Notably, these boulders are larger than all others on the platform with the b axis exceeding 2 m in all cases and calculated weights ranging from 13 t to as much as 84 t (Table 1 ). The proximity of the boulders to the limestone cliffs, as well as their subaerial pre-transport position, suggests that they were transported onto the reef flat by cliff-top collapse. However, the majority of the boulders at Carmen measure between 1 and 2 m (b axis) and weigh no > 10 t (Table 1) . In contrast to the larger boulders, the smaller boulders have an indeterminate source. Where bleached encrusting coral or macroalgae are observed in surfaces of the boulders it suggests submerged pre-transport conditions and likely favors a reef edge source. On the other hand, the dark color and absence of fresh cut marks on the landward-most boulders argue for detachment from the original source and potentially the boulders have been lying loosely on the reef flat prior to Haiyan (Fig. 4b,d ). The absence of fresh impact marks indicates transport most likely by sliding, but for elliptical boulders (Fig. 4d) , transport by rolling is also possible. For example, a recently detached surface on boulder CB5, which was originally resting on top of the reef flat, indicates overturning during Haiyan with a vertical displacement of~1 m and a lateral displacement of 50 cm to 1 m (Fig. 4c) .
Boulder analysis based on the equations of Nandasena and others (2011) yielded minimum flow velocities on the reef flat ranging from 2 m s − 1 to 18 m s − 1 depending on the transport mechanism and density of the boulder (Fig. 5a, b) . Assuming that the boulders were previously detached from the reef prior to transport during Haiyan, a minimum flow velocity of~3 m s − 1 is required to set most of the boulders in motion by sliding. For the boulders to be moved by rolling or overturning requires a minimum flow velocity of 4 m s − 1 ; whereas, a minimum flow velocity of > 8 m s − 1 is needed to initiate boulder transport by saltation. Based on the rarity of fresh cut boulder surfaces and impact marks, the majority of boulders were most likely transported by sliding (e.g. May et al., 2015) , implying flow velocity of 3 m s − 1 . However, the overturned boulder CB5, depending on the actual boulder density, suggests that flow velocity on the reef flat was at least~7 m s − 1 (ρ s =1.99 g cm ). 
Lateral trends of onshore Haiyan deposit
The inundation limit of the Haiyan storm surge in Carmen reached as far as 400 m inland of the beach, however, identifiable onshore sediment deposition reached only about 300 m and ended at the front of the limestone ridge (Fig. 6a) . Trench Ca1, located 10 m from the shore, revealed the thickest accumulation (10 cm thick) of Haiyan sediments (Fig. 6b) . A 3 cm thick Haiyan deposit was revealed in trench Ca2, located a few meters landward of Ca1, but was subsequently disregarded and abandoned because residents confirmed that the site was disturbed by previous clearing operations. The Haiyan deposit gradually thins to about 4 cm at the landward edge of coconut grove, 200 m from the shore. At the boundary between the coconut grove and adjoining rice paddies, the Haiyan deposit abruptly decrease in thickness from 1 cm at Ca10, to a few mm at Ca9 and Ca8, at which point it becomes patchy.
The Haiyan deposit also exhibits prominent textural and compositional variations related to increasing distance inland. The Haiyan sediments deposited~150 m from the shore are predominantly gravel and sand sized, whereas, the sediments deposited > 200 m from the shore only contain sand and mud fractions (Fig. 6c) . Furthermore, the mean grain size and d 90 values consistently indicate an overall fining inland trend (Fig. 6d) . The mean grain size shows that the Haiyan deposit is predominantly coarse sand (− 1ϕ) near the beach up to 150 m inland at which point it abruptly changed to fine to very fine sand (2 to 4ϕ). Consistent with this abrupt decrease in grain size is the shift from negatively skewed to positively skewed sediments, indicating a landward shift towards a dominance of fine material (Fig. 6e) . Conversely, there is an apparent overall increase in sorting values inland, from moderately-sorted sediments (~0.7 ϕ) in Ca1 to subsequently poorly-sorted sediments (1.5 to 2.5 ϕ) in Ca3 to Ca8, which possibly reflects the incorporation of material from different environments as the flow moves across the land surface. The Haiyan deposit is dominantly composed of coral rubble and carbonate sand at 80 to 90% within 150 m from the shore and then decreases to~70% to as low as 30% beyond 200 m (Fig. 6f) where the deposit is also characterized by a minor organic matter fraction up to~15% (Fig. 6g) . The sand fraction contains high concentration of calcareous foraminifera and showed a decreasing concentration trend with increasing distance inland (Fig. 6h) . Site Ca1, which is closest to the shore, yielded concentrations as high as 3640 foraminifera per 5 cm 3 ; whereas Ca8, located at a distance of~300 m inland contained 740 foraminifera per 5 cm 3 sediment volume. The landward thinning and fining of the Haiyan deposit, as well as the decreasing carbonate fraction and foraminiferal concentration are consistent with the observed unidirectional, dominantly onshore flow with limited backflow that are characterized by the surge.
Vertical trends associated with the onshore Haiyan deposit
The Typhoon Haiyan deposit exhibits stratigraphic and sedimentologic characteristics that are distinct from the pre-Haiyan coastal sediments. For example, a sharp contact separates the light beige sandy unit CB8  CB7  CB10  CB13  CB15  CB9  CB12  CB6  CB19  CB16  CB21  CB18  CB11  CB14  CB17  CB5 interpreted as the Haiyan deposit and the underlying dark brown, densely rooted pre-Haiyan soil (Fig. 7) . The sharp stratigraphic contact between the Haiyan deposit and the pre-Haiyan soil corresponds to distinct vertical changes in grain size, sorting and skewness (Fig. 7) . Although devoid of internal layering, the thicker and sandier parts of the Haiyan deposit exhibit an overall inverse grading or coarsening upward sequence. Inverse grading in sandy deposits has been identified and characterized in both storm (Spiske and Jaffe, 2009 ) and tsunami deposits (Jaffe et al., 2003) . In coastal overwash settings, inverse grading is likely the product of changes in flow density and characteristics analogous to dispersive pressure in grain flows (Bagnold, 1954) , traction carpets in high-density turbid currents (Lowe, 1982) and kinetic sieving similar to that observed in submarine gravity flows (Middleton, 1970) . The origin of inverse grading at Hernani is likely related to shell fragments and the biotic composition, including foraminifera. In addition, the base of the Haiyan deposit is marked by either more negatively skewed (Ca1 or Ca3) or more positively skewed (Ca4) sediments compared to the underlying pre-Haiyan soil. Notably, despite the compositional differences and local flooding mechanism, the onshore carbonate Haiyan sediments seem to display a similar coarsening upward sequence that was also observed within the Haiyan deposits found~70 km to the southwest on the siliciclastic coastline in Tanauan, Leyte Gulf (Soria et al., 2017) . Foraminiferal assemblages also effectively distinguished the Haiyan deposit from the underlying soils (Fig. 8) . The Haiyan deposit contained higher concentrations of foraminifera (e.g., 620-3640 foraminifera per 5 cm 3 ) than the underlying soils, which were generally devoid of foraminifera except at sites Ca1 and Ca3 near the shoreline (e.g., 220-2020 foraminifera per 5 cm 3 ). At sites where foraminifera were present in both the Haiyan deposit and the underlying soil, the Haiyan deposit could still be discriminated from the soil by the taphonomic condition of the foraminiferal tests. Foraminifera in the soils were stained black by organic matter and 90 to100% of the assemblage was abraded. This is in contrast to foraminifera contained within Haiyan sediments, which were less abraded (48-76% of the assemblage) and contained more unaltered forms (16-42% of the assemblage). Soils that develop near carbonate coastlines often contain reworked foraminifera, making it difficult to distinguish overwash deposits from underlying units because the two sedimentary layers often contain similar taxonomic assemblages. However, the varying conditions between the marine and terrestrial realm produce different taphonomic assemblages that can be used to distinguish storm overwash from underlying soils (e.g., Pilarczyk et al., 2016; Kosciuch et al., 2017-this issue) . For example, Kosciuch et al. (2017-this issue) found influxes of unaltered foraminifera within sediments deposited by Tropical Cyclone Pam in Vanuatu; whereas, the underlying layer contained fewer foraminifera that were almost exclusively abraded. 
TSUFLIND model
Similar to other inverse models of sediment transport, TSUFLIND use formulations for suspended sediments (Jaffe et al., 2016) . As such, only the distribution of the sand fraction is considered. Another simplification of TSUFLIND is that it is designed for unimodal grain size distributions. The Haiyan sediments, however, have mostly bi-modal distributions, consisting of sand mixed with either gravel or mud (Fig. 9a) . The bi-modal distribution was trimmed into a unimodal distribution within the sand size fraction and then used as the sediment Velocity (ms Wave modeling (Roeber and Bricker, 2015) Wave modeling (Roeber and Bricker, 2015) Minimum velocity of boulder transport by sliding (This study) TSUFLIND inversion based on Haiyan sand deposits (This study) TSUFLIND inversion based on extrapolation using Soulsby et al. (2007) Gray area corresponds to the flow velocity from the reef edge to the terminus of sand deposition estimated in this study. Blue area corresponds to the flow velocity estimated from wave modeling of Roeber and Bricker (2015) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) input for TSUFLIND. This procedure was applied across all samples from the proximal site Ca1 to the distal site Ca8. Fig. 9b shows the actual sediment thicknesses of the deposits measured in the field compared with the modeled thicknesses. The thicknesses for the proximal samples Ca1 and Ca3 are underestimated, which can be attributed to the trimming down of the bulk grain size distribution and discounting the gravel fraction. In contrast, the thicknesses associated with the distal samples in Ca11 to Ca8 are overestimated, which is likely due to the trimming down of the bulk grain size distribution and discounting the mud fraction. The mud fraction in Ca4, however, seems to have a minimal effect because the simulated thickness is comparable to the actual observed thickness of the Haiyan deposit. After reconstructing the grain size distributions and sediment thicknesses, TSUFLIND calculates the flow speed that vertically corresponds to each 2-cm sampling interval over the entire deposit thickness. The inversion results from the different vertical sediment intervals represent a range of velocity values instead of a single value. The maximum and minimum velocity values were used to plot the velocity profile across the transect as illustrated in Fig. 2 from the reef edge to the landward limit of sand deposition (Fig. 9c) . The extrapolated maximum flow velocity on the reef flat has a lower limit at~10 m s 6. Discussion
Haiyan reef flat boulders compared to other similarly open-sea coastlines
The sustained high-velocity flow of Typhoon Haiyan's storm surge left distinct boulder fields along the open-sea coasts in the Eastern Philippines (e.g. May et al., 2015; Kennedy et al., 2016) . Roeber and Bricker (2015) illustrated that surf beat resulted in flow velocity that likely exceeded 5 m s − 1 on the reef edge and a lower velocity of 3 m s − 1 on the reef flat in front of Hernani, approximately 1.5 km north of our reef platform boulder field (Fig. 1) . The simulated flow velocities are consistent with the minimum flow velocity estimates of 2 to 8 m s − 1 from the reef boulders south of Hernani that were most likely transported onto the reef flat by sliding and, to some extent, rolling. The minimum flow velocity derived from the larger boulders that were transported to higher elevations (8 to 10 m) on nearby steeper coasts is consistent with the higher value Kennedy et al., 2016) . For example, May et al. (2015) estimated the flow velocity that moved a 180 t block at a site 5 km north of Hernani should be higher than 6.3 m s − 1 but lower than 8.3 m s that transported beachrock clasts on Huahine island in French Polynesia (Etienne, 2012) . Similarly, in March 2010 the category 4 TC Tomas hit northern Fiji and produced high-energy waves that transported reef boulders around Taveuni island at minimum velocities of 4 m s − 1 (Etienne and Terry, 2012) . Over historical timescales, the presence and distribution of volcanic beachrock slabs in Ludao Island in Taiwan suggest that the passage of past typhoons most likely generated storm waves with inferred run-up and backwash flow velocities of up to~3 m s − 1 (Lau et al., 2015) . South of Ludao, reef boulders in Lanyu
Island were most likely emplaced at elevations of~3 to 9 m by storm waves of minimum flow velocities that varied largely from 1.4 to 16.9 m s − 1 depending on the mechanism of transport (Nakamura et al., 2014) .
Deposition and source region of the Haiyan sand deposit
Overall, the Carmen transect showed spatial sedimentation patterns that are consistent with Haiyan sediments found at comparable topographic and geologic settings in Samar (Brill et al., 2016) . The onshore sedimentation covered short distances of~300 m from the shore in Carmen, and 250 m south of Carmen (Brill et al., 2016) . In both sites, the limestone ridge or cliff that reaches 3 m to 6 m above msl acted as a topographic barrier, which likely slowed down the onshore flow and limited the sedimentation to the areas in front of the ridge or cliff. Although both sites also show a thinning landward trend, the Carmen transect yielded thinner Haiyan deposits (few mm to~10 cm) compared to those found south of Carmen that had thicknesses ranging from 4 cm to 20 cm (Brill et al., 2016) . The thicker sediments and more prominent erosive scarp on the transect south of Carmen (Brill et al., 2016) consistently suggest that Haiyan's inundation most likely carried a larger volume of sediment inland compared to that in Carmen.
The Haiyan deposits along the Carmen transect contained foraminifera that are typical of shallow shelf and reef flat environments. Dominant taxa include Amphistegina spp. (up to 45% of the assemblage), Baculogypsina sphaerulata (up to 44%), and Peneroplis spp. (up to 21%). The Haiyan assemblage at Hernani contained a mixed taphonomic assemblage including abraded (22-76% of the assemblage), unaltered (16-59%) and fragmented (7-19%) forms. The relatively equal proportion of the abraded and the unaltered forms infer an intertidal to subtidal origin for the Haiyan sand (e.g., Pilarczyk et al., 2016; Kosciuch et al., 2017-this issue) . Similar foraminiferal assemblages that were dominated by reworked and poorly preserved individuals were also found within the Haiyan deposit to the south of our site (Brill et al., 2016) . The Haiyan sediments yielded very low concentrations of deep-water dwelling benthics and planktics. Minor abundances of planktic species within the Haiyan sediments at Hernani (< 3% of the assemblage) were similar to those found within Haiyan sediments at Basey (<2% of the assemblage; Pilarczyk et al., 2016) , a mixed carbonate-siliciclastic and embayed coast in the Leyte Gulf. The Haiyan sediments are most likely entrained from the beach and the patches of sand on the reef flat.
Overland flow velocity profile
Two distinct sediment assemblages that were left behind by Haiyan's storm surge provided estimates of the range of the overland flow velocity (Fig. 9c) . We interpreted the velocities based on boulders as the minimum possible velocities because these velocities are the initial velocity for boulder movement. However, the velocities from TSUFLIND based on sand deposits are the maximum possible velocities because the deposits were assumed to be transported by suspension but in fact might have been transported as bedload. The combined upper and lower boundary of flow velocity estimates of the Haiyan storm surge in Hernani complemented forward modeling estimates of acrossshore flow velocity. The modeling of surf beat induced flow by Roeber and Bricker (2015) indicates that flow velocities across the reef flat were likely between 3 m s − 1 to 5 m s − 1 with flow depths of >3 m.
Comparably, minimum flow velocities of >2 to 8 m s − 1 are inferred to initiate the transport of the boulders by sliding and to some extent rolling across the reef flat (Fig. 5a, b) . The upper flow regime on the reef flat is inferred to exceed 8 m s − 1 (Fig. 9c ). However, with the absence of sand on the reef flat, the maximum flow velocity remains uncertain. Onland, numerical modeling combined with the video recording indicate a fluctuating overland flow velocity between 1 and 5 m s − 1 on the house located about 200 m from the beach at Hernani town (Roeber and Bricker, 2015) . In Carmen village 1 km south of Hernani town, but at a comparable distance from the beach between 100 and 200 m, the overwash sediments suggest overland flow velocities can be as high as 5 to 8 m s − 1 (Fig. 9c) . The wave modeling by Roeber and Bricker (2015) indicates a lower range of velocities compared to the values derived from inverse modeling. We recognize that both numerical forward modeling and inversion modeling still carry uncertainties and neither might be conclusive at this point. However, the fact that massive damage to the woody mangrove stands (Primavera et al., 2016) and to the seawall (Bricker et al., 2014) occurred supports the implication that higher, rather than lower, flow velocities were sustained on the coastal plain. The higher velocities at the edge of the coastal plain (i.e. in Ca1) indicate the presence of continued wave breaking during overland flow. Landward of Ca1, velocities decreased significantly most likely due to the presence of high-density vegetation and large bed roughness. Typhoon Haiyan's inundation in Hernani shows that to a certain extent, the coral reef, mangroves, or seawall may not be capable of reducing wave energy at the coast. By contrast, the coastal plain vegetation may provide additional defense for the waves that penetrate inland.
Conclusion
This study investigated two distinct sediment assemblages transported and emplaced by the extreme flooding during Typhoon Haiyan on the open-sea coast of Hernani. The sediment assemblages include distinct carbonate boulders that now occupy the reef flat surface, and a sand sheet that blankets the coastal plain up to~300 m inland from the shore. We found boulders up to~80 t, most of which were originally submerged, but were transported by sliding onto the reef flat during Haiyan's surge. Inland of the boulder field we found a coarse carbonate sand sheet that drapes the landscape. The sand sheet is about 10 cm thick near the beach and thins from 1 cm to few mm between 200 m to 300 m inland. The predominance of common reef flat foraminiferal species such as Amphistegina spp., Baculogypsina sphaerulata, and Peneroplis spp., along with the mixed abraded and unaltered taphonomic assemblage point to a shallow nearshore origin for the Haiyan sediments, including patches of sand on the reef flat and beach. Combined boulder and sand transport inverse models infer a range of flow velocities that complement previous flow velocity estimates using numerical modeling. Notably, these independent methods consistently indicate sustained high-velocity overland flow in Hernani despite the presence of coastal defenses to extreme waves such as coral reefs, mangroves, and seawall.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.margeo.2017.08.016.
